Earplugs are a widespread solution to prevent the problem of hearing loss in the workplace environment, but they do not always perform as desired. Using a model of the ear canal occluded by an earplug could be helpful to perform sensitivity analyses (geometry and materials of the earplug) and to better understand the role of the earplug. The human external ear is a complex system made up of different tissues with a 3D geometry. In practice, it is reduced to a 2D cylindrical geometry for the acoustical tests fixtures. The purpose of this study is to compare the insertion loss predicted by a 3D complex finite element model of the ear canal surrounded by different tissue domains (skin, soft tissue and bone) and occluded by a silicon earplug versus a 2D axisymmetric model of the same system. In both models, some investigations are made in order to verify if the models could be simplified by replacing the tissue domains by mechanical impedances. These investigations are made to reduce the complexity of the models and to discuss the relevance of whether or not including external ear tissue domains in a sound attenuation model of an earplug.
INTRODUCTION
According to the World Health Organization, about 120 million workers worldwide are regularly exposed to noise levels that can permanently damage the auditory system. A widespread solution used to protect the workers from noise overexposure consists in using hearing protection devices such as earplugs (EPs) or earmuffs. In practice, ear plugs are often uncomfortable and/or do not always perform as desired. An approach which could be helpful to improve the performance of earplug and to better understand the sound transmission pathways through the earplug and the surrounding tissues of the ear canal consists in the development of a numerical model of the external ear occluded by an earplug.
Previous studies have shown the feasibility of using the finite element method (FEM) to describe the pressure field in a cylindrical tube occluded by a cylindrical silicon earplug, for different set of boundary conditions applied on the lateral walls of the earplug (see (Sgard et al., 2009 ) and (Sgard et al., 2012) for fixed boundary condition). In (Viallet et al., 2011a) , the authors accounted for the biological tissues surrounding the ear canal via a mechanical boundary impedance condition but restricted their analysis to a 2D axisymmetric case. They did not take into account the part of the incident acoustic energy which could be transmitted to the earplug through the skin. Other works have shown the validity of a 2D axisymmetric description of the ear canal in the open case (Stinson and Lawton, 1989) and in the occluded case (Viallet et al., 2011b) , but these studies were restricted to rigid walled ear canals (i.e. no sound path through tissues surrounding the ear canal). This paper deals with the development of a linear 3D elastic finite element model of the external ear surrounded by different tissue domains (bone, skin and soft tissues) to predict the insertion loss of earplugs. The geometrical model of the external ear was initially developed to simulate the occlusion effect (structural borne excitation, see (Sgard et al., 2012) and (Brummund et al., 2011a) ) and is here adapted to an airborne excitation. The FE model is solved for both open and occluded cases to determine the insertion loss of a silicon earplug. The insertion loss corresponds to the difference of the sound pressure levels calculated at the tympanic membrane between the open and the occluded ear cases. A 2D axisymmetric FE has been also developed because it could be useful to perform faster sensitivity analyses than a full 3D FE model. The first objective of this study is to determine the validity of using a 2D axisymmetric FE model by comparing the insertion loss computed with both 2D and 3D models. In order to reduce further the complexity of the system, some investigations are made to replace the effect of the surrounding tissues (bone and cartilage) with a mechanical impedance calculated from the complete model. In this simplified model, the transmission pathway corresponding to the acoustic incident energy transmitted to the earplug through the skin is accounted for. These investigations are first performed with the help of the 2D axisymmetric model, due to its efficiency and the feasibility to transpose the results obtained in 2D to the 3D model is studied.
At the time when this paper was written, calculations on the 3D model were still in progress and could not be included in this document. These results will be presented at the conference. For this reason, the emphasis of this paper is put (i) on the modeling strategies used for the adaptation and the development of the different 2D and 3D finite element models and (ii) on the results obtained with the 2D axisymmetric FE model. The paper is organized as follows. Firstly, the 2D and the 3D models are outlined. Secondly, the method and the calculation used in order to simplify the tissue domains are described. Finally, preliminary results obtained with the 2D axisymmetric model regarding the simplification of the tissue domains by equivalent mechanical boundary conditions are presented.
MODELING STRATEGIES

3D and 2D axisymmetric finite element models of the open ear
The reconstruction of the external ear geometry, initially developed to simulate the auditory occlusion effect was realized using 100 transverse axial anatomical images of a female cadaver head, obtained via the Visible Human Project © database (NLM, MD, USA). 3D reconstruction of the ear canal, bony, soft tissues and skin tissues was carried out in SlicOmatic 4.3 (TomoVision, PQ, Canada) and imported into CATIA V5 (DS, France) to create the volume and the surface reconstruction of each domains (see (Brummund et al., 2011a) and (Sgard et al., 2012) ).
FIGURE 1. 3D geometry reconstruction of the external ear.
This 3D geometry is presented on figure 1. As a first approximation, to limit the region to be modeled, this geometry corresponds to a cylindrical truncation of the external ear. This truncation implies that the soft and hard tissues are reduced but the preliminary results obtained (see preliminary results section) showed that this geometric model contains enough of these tissues to represent their mechanical effect. The pinna, the head and the torso are not included. This geometric model was finally imported into the finite element software Comsol 4.3 (©COMSOL MULTIPHISYCS Inc., Sweden) for meshing and solving. In parallel, a 2D equivalent axisymmetric model of the same system was developed, with the help of Comsol 4.3 for creating the geometry, meshing and solving. It is depicted on figure 2. To determine the equivalent geometric parameters (lengths and radii) of the 2D axisymmetric model, several geometrical approaches, based on previous work on a 2D and 3D rigid ear canal comparison can be tested (see (Viallet et al., 2011b) ). For example, the choice to keep the same lengths and volumes for all the domains in 2D and in 3D could be made. In this case, the radii require an adjustment. Another possible choice is to keep the same radii and the lengths. In this case the volumes of the domains are different in 2D and in 3D. Only the most favorable 2D geometrical configuration in term of equivalent insertion loss is retained. For 3D and 2D axisymmetric open ear models, the following hypotheses, loads and boundaries are used. To simulate the acoustic excitation, a blocked sound pressure is applied at the ear canal entrance and on the skin tissue in contact with the external fluid (represented with red arrows on figure 2). Besides this airborne excitation, an acoustic impedance boundary condition is introduced at the entrance surface of the ear canal, corresponding to the radiation of a baffled circular piston ( (Schroeter and Poesselt, 1986) ). The systems are supposed to be inserted in baffle. This assumption implies that the block pressure impinging on the ear canal entrance is twice the amplitude of the incident pressure (1 Pa). The ear canal is terminated by a tympanic membrane, which is supposed to act as a locally reacting acoustic impedance boundary condition (impedance values of the IEC60711 artificial ear). As a first approximation, the outer lateral walls of the models are supposed to be fixed. The ear canal is supposed to be filled by air (fluid part of the model) and the other domains are considered as solid (structure part of the model). At the interface between the skin and the ear canal, there is a fluid structure interaction condition. All the domains are meshed with quadratic tetrahedron elements using a classic Ȝ/4 criterion. As a first approximation, the behavioral law of the different solid domains is supposed to be linearly viscoelastic. Damping is introduced in the system via different isotropic loss factors. The material mechanical parameters are based on the values proposed by (Brummund et al., 2011b) . They are summarized in the following table. 
3D and 2D axisymmetric finite element models of the occluded ear
For the occluded external ear canal finite element models, the fluid part of the open ear canal models is split into two domains, one solid (the earplug) and one fluid (the rest of the ear canal). In the 3D geometry, a plane interface between the two domains is chosen to be at a distance of 12 mm from the ear canal entrance. The outer face of the earplug is supposed to be flush mounted in the ear canal entrance. Figure 3 depicts this configuration, for the 3D and the 2D axisymmetric models. In 2D, the other different components of the models described in the previous section are still valid, except that the blocked sound pressure is applied on the ear canal entrance (which is coupled to the earplug by a small air cavity), and also on the skin tissue ahead the ear canal entrance. In the 3D model, the blocked pressure is applied on the skin tissue at the ear canal entrance and on the outer face of the earplug (as a first approximation, the acoustic radiation of the earplug in the semi-infinite external fluid is neglected). In both 3D and 2D axisymmetric models, the assumption that the earplug fits perfectly into the ear canal is made, assuming that a custom made earplug does not deform the ear canal and that there is a perfect contact between the two. For the two models, the earplug is supposed to behave as a linear viscoelastic material. The mechanical parameters used for the earplug correspond to a silicon LSR-9700-5, corresponding to a custom made earplug. In the frequency range of interest and for an ambient temperature of 22 degrees Celsius, this silicon is weakly viscoelastic, so the parameters can be taken as constant. Likewise the open external ear canal models, several approaches can be used to get geometrical 2D axisymmetric models equivalent to the 3D geometry (in term of insertion loss).
TABLE 2. mechanical parameters used for the silicon earplug (also used in (Sgard et al., 2010) , (Viallet et al., 2011a) and (Viallet et al., 2011b) 
Method used to simplify the surrounded ear canal tissue domains
In order to reduce the number of degrees of freedom of finite element models, an investigation is carried out about the feasibility of replacing the surrounding tissue (especially the bone and the cartilage domains) by mechanical impedance boundary conditions. The first investigations are performed on the 2D axisymmetric model due to the geometry simplicity. The goal is to calculate mechanical impedance along the interfaces between the skin, the bone and the cartilage domains. Once this impedance is calculated, it is re-used as boundary conditions in a simplified model including only the earplug, the rest of the ear canal and the skin part (see figure 4) . To calculate these mechanical impedances, an intermediate model, containing only the bone or the cartilage domain is created (these two domains are treated separately). In this model, a unit force is applied at different points along the interface of interest in both radial and tangential directions. The corresponding velocity vectors are calculated at these different points and the mechanical impedance matrix whose coefficients are given by the ratio of a force vector component and a velocity vector component is calculated. Several tests are performed in order to quantify the variation of these impedances. The calculated impedance depends on the distance chosen between each unit force application. A large variation of the mechanical impedance over this distance indicates that it required decreasing the distance whereas a small variation indicates that these impedances could be averaged and applied by zones. This last point is important because depending on the possibility of averaging or not it would make this domain simplification in 3D models relevant or not. Results obtained for the 2D axisymmetric -complete and simplified-models are presented in the following section.
PRELIMINARY RESULTS
Simplification of the tissue domains for the 2D axisymmetric finite element model
The results presented here correspond to the insertion loss obtained with the «complete» 2D axisymmetric model (with surrounding tissues) and with the simplified 2D axisymmetric model, where the bone and the cartilage domains have been replaced by mechanical impedance boundary conditions. In this case, the bone domain was replaced by a fixed boundary condition (infinite mechanical impedance) and the cartilage domain was replaced by 3 different average mechanical impedance zones (1 in the radial direction and 2 in the tangential direction). These boundary conditions were found using the methodology described in the previous section. The dimension chosen correspond to representative lengths and radii of the 3D model (different volumes than the 3D model). These geometric parameters will be adjusted when the focus will be on the comparison versus 2D and 3D models. Figure 5 depicts this configuration. 
